Abstract-Photovoltaic (PV) energy harvesting is commonly used to power wireless sensor nodes. To optimise harvesting efficiency, maximum power point tracking (MPPT) techniques are often used. Recently-reported techniques focus solely on outdoor applications, being too power-hungry for use under indoor lighting. Additionally, some techniques have required light sensors (or pilot cells) to control their operating point. This paper describes an ultra low-power MPPT technique which is based on a novel system design and sample-and-hold arrangement, which enables MPPT across the range of light intensities found indoors and outdoors and is capable of cold-starting. The proposed sample-and-hold based technique has been validated through a prototype system. Its performance compares favourably against state-of-the-art systems, and does not require an additional pilot cell or photodiode. This represents an important contribution, in particular for sensors which may be exposed to different types of lighting (such as body-worn or mobile sensors).
I. INTRODUCTION
Recent advances in energy harvesting and storage technologies [1] now mean that wireless sensor nodes can be designed to operate indefinitely from energy 'harvested' from their environment. A common form of energy harvesting technology is from light by means of photovoltaic (PV) modules, but these usually require Maximum Power Point Tracking (MPPT) circuitry in order to adjust the operating point of the cell in response to changing light conditions and maintain its operation at the Maximum Power Point (MPP).
A number of techniques are available to realise MPPT with PV cells. The established techniques are 'hill-climbing ' and 'fractional open-circuit voltage' (FOCV) [2] . In the case of the hill-climbing method, the operating point of the PV cell is continually modified; if the modification results in an increase in the power obtained from the cell, the operating point will continue to be adjusted in the same direction (conversely, for a drop in generated power, the operating point will then be modified in the opposite direction). While this method ensures that the PV module operates at its MPP, it is only suitable for outdoor applications as it requires fine-grained control of the system, normally necessitating the use of a microcontroller.
The FOCV technique exploits the property that the MPP voltage of some PV cells is proportional to their open-circuit voltage. The techniques vary for realising this method, but generally they rely on the periodic disconnection of the PV module in order that its open-circuit voltage may be sampled, or the system may use additional light sensors as a proxy to 978-3-9810801-7-9/DATE11/ c 2011 EDAA determine the MPPT voltage of the cell. Conventional systems for FOCV-based MPPT in outdoor applications have been described, for example by Enslin et al. [3] , which samples the PV module twice per minute (but was intended for very large panels, so the quiescent power consumption can be assumed to be high), and [4] which samples the module every 100ms (and has an overall power consumption of ≈2mW). Existing state-of-the-art small systems (i.e. with small PV cells but designed for outdoor use) have used a 'pilot' solar cell [5] (for which the overall system consumes ≈ 300μW when 'off') or photodetector [6] (which consumes ≈ 500μA) to control the operating point of the module.
The low light intensities experienced indoors mean that maximum power point tracking (MPPT) circuitry designed for outdoor use is too power-hungry to operate indoors (indoor PV cells typically produce 1mW). Hence, state-of-the-art works for indoor PV-harvesting either ignore MPPT completely [7] (a valid assumption for cases where the energy store voltage is always sufficiently close to the MPP voltage of the PV module), or operate the PV cell at a fixed voltage which is assumed to be sufficiently close to the MPP voltage [8] .
This paper considers scenarios where sensors powered from PV cells may be expected to experience a mix of both natural and artificial lighting (for example mobile devices or body-worn sensors). The justification for this work is in realising an MPPT circuit which, due to its simplified and efficient operation, is able to operate under a range of lighting conditions. While the proposed technique has been prototyped and tested with PV modules, it is also applicable to other forms of energy harvesting (such as thermoelectric generators) which feature a similar relationship between the open-circuit and MPP voltage [9] . The proposed system advances the stateof-the art through the following novel contributions:
• An ultra-low-power MPPT system that can cold start and operate in a very wide range of lighting conditions including the low intensities found indoors.
• A sample-and-hold system which accurately samples the open-circuit voltage of the PV cell, holds this value for extended periods, and draws an average 8μA.
II. PV PROPERTIES AND SAMPLING

A. Cell properties
Amorphous silicon (a-Si) PV cells have a relatively high efficiency at low light levels, compared to other types of 
The parameter k is typically between 0.6 and 0.8, and depends mainly on the chemistry of the cell. As stated by [10] , there is also a weak correlation between k and the light intensity. The relationship is only ever an approximation to the MPP, but is easily realised in hardware and does not rely on active monitoring of the cell performance (as is required for the hill-climbing MPPT method).
B. Sampling parameters
As the proposed circuit periodically samples the opencircuit voltage of the PV module, it was necessary to assess the dynamics of indoor and outdoor light levels to decide on an appropriate sampling rate. Tests of the open-circuit voltage of the module were carried out over a 24-hour period, as shown in Fig. 2 ; two tests were carried out, the first being on a lab desk on a Sunday (with the blinds closed); the other was in a lab on a Friday, with the cell being taken outdoors at lunchtime (this mimics the light conditions to which a mobile sensor may be exposed).
The collected data have been analyzed in order to assist with the selection of an appropriate sampling frequency for the system. The method shown in (2) was used to calculate the worst-case mean error for the estimate of open-circuit voltage that would result from a certain sampling frequency. Here,Ē is the mean error, n is the counting variable, p is the period between each sample, and q is the test duration.
This has been used to calculate the mean error in the estimate of open-circuit voltage, assuming that a discrete test is taken once per time interval. For a 1-minute hold period with the 24-hour test data, the worst-case mean error has also been calculated. The desk-mounted 24-hour test shows that a 1-minute period givesĒ = 12.7mV, and the 1-day semimobile test givesĒ = 24.1mV. These equate to errors in the estimate of MPP voltage of approximately 7.7mV and 14.7mV respectively. Taking the worst error calculated for the MPP voltage and mapping this across to the performance curve for an amorphous silicon PV module (shown in Fig. 1) , this equates to an efficiency loss of less than 1%. Therefore, a long hold period (of >60s) is justified for the design of MPPT circuits which use this technique.
III. DEMONSTRATOR DEVELOPMENT
A. Overall system operation
Cold starting is enabled through a small capacitor; once this has been charged to a sufficient level and a threshold voltage has been reached, the MPPT circuit is switched on. The MPPT then controls the other switches on the circuit, periodically sampling the open-circuit voltage of the PV cell (by way of an ultra low-power sample-and-hold arrangement) and thus controlling the voltage at which the switching converter operates. This arrangement delivers effective cold-start operation, and the complete metrology circuit is potentially very low-power. The form of MPPT chosen, FOCV, requires periodic sampling of the open-circuit voltage of the PV cell. The parameters of these sampling operations are important, as they require the cell to be disconnected from the load (and therefore must be minimized).
The system is comprised of three major interlinked modules, as shown in Fig. 3 . The figure shows the interconnection Fig. 3 . Simplified overall system platform between these modules, and illustrates how they interact and how cold-start operation and periodic sampling is achieved. As a brief overview, the astable generates pulses of a certain duration and frequency, which triggers samples of the PV V oc . The sample-and-hold circuit takes these measurements and 'holds' them. A switching converter has been developed, which is based on the circuit presented in [8] and consists of a modified buck-boost converter. During normal operation, this circuit acts to maintain a constant voltage across its input terminals in order to keep the PV module at a voltage indicated by HELD_SAMPLE. The PV module is maintained at this fixed voltage, which is provided by the HELD_SAMPLE line from the sample-and-hold circuit. It was designed and optimised in line with earlier reported works such as [5] , [8] but was forced to use an alternative PV cell model as described in Sec. II. The additional circuitry is to facilitate the cold-start of the system and to allow measurements of the V oc to be taken. The components used in this system were selected for their low on-resistance for relatively small gate voltages in order to maximise the efficiency of the system.
B. Sample-and-hold arrangement
The sample-and-hold arrangement, which incorporates the astable multivibrator and the sample-and-hold circuits, provides three outputs to the rest of the system: firstly, the PULSE output acts to initiate a sample of the voltage across the PV module, disconnecting all loads from the PV module's output. The HELD_SAMPLE output is a fraction of the open-circuit voltage of the PV module. The equation for HELD_SAMPLE is shown by (3), where k is the fixed ratio between V oc and V mpp (typically between 0.6 and 0.8), and η is the proportion by which this is reduced for representation by the circuit.
The astable multivibrator circuit arrangement is adapted from the square-wave generator circuit in [11] , and is comprised of a micropower comparator (National Semiconductor LMC7215) and passive components including a low-leakage polyester capacitor. The period of the high and low signals can be independently adjusted.
The sample-and-hold circuit is enabled through the use of an analog switch, a low-leakage sampling capacitor, and a unity gain buffer at the input and output of the circuit. The system relies on two op-amps to realise the input (U2) and output (U4) unity gain buffers. The ACTIVE output is provided by comparator U5, which compares the HELD_SAMPLE output against an arbitrary threshold voltage provided by dividing the supply rail voltage by two. This serves as a sanity check to ensure that the switching converter will not try to start until a valid voltage is held. MOSFET M8 acts to pull the IN+ terminal down when sampling operations are taking place, which ensures that the switching converter is also disabled.
IV. EXPERIMENTAL DATA
A. System Testing
The operation of the system has been verified in a range of tests. Fig. 4 shows detail of a sampling operation, in which the PV cell's open-circuit voltage is disconnected from its load and is used to update the HELD_SAMPLE output. A small ripple may be observed on the HELD_SAMPLE line, but its effect is mitigated by the combination of R3 and C3. The operating voltage of the PV cell has also been tested to ensure that it is consistent with the HELD_SAMPLE output.
The sample-and-hold circuit and astable multivibrator have been tested together, connected to a mains power supply in order that the operation could be verified and the current draw could be determined. The astable multivibrator produced an 'on' period of 39ms and an 'off' period of 69s. The current draw of the combination of the astable multivibrator and the sample-and-hold circuit was measured at an average of 7.6μA [12] . The accuracy of the MPPT circuitry has been assessed by way of a sequence of tests at differing light intensities. As shown in Table I , the system was tested at a range of light intensities from 5,000 lux down to 200 lux (5,000 lux was the maximum intensity possible under the test set-up without causing excessive heating of the PV cell). The table presents the value of the open-circuit voltage and of the HELD_SAMPLE line, along with the calculated value of k that this equates to. The circuitry was tested as part of the complete system. Each test was repeated three times for each intensity level, and the mean of the three results is presented here. It may be observed that all values fall within the range 59.2% to 60.1%. This value may easily be trimmed by means of a variable potentiometer in place of R2 in order to bring it to any desired value of k (in the nominal range 0.6 to 0.8).
B. Evaluation
The proposed MPPT technique has been evaluated by way of a sequence of tests. The cold-start of the system has been observed down to light levels of 200 lux, with a SANYO Amorton AM-1815 cell (a smaller PV cell than that has been used in the earlier reported works). The additional current draw of the sample-and-hold circuitry is 8μA, which is less than 20% of the current produced at 200 lux by the SANYO Amorton AM-1815 cell used to verify this work. In fact, the current draw of the sample and hold circuitry presented here (permitting MPPT) is less than that of a voltage reference IC used in the reported fixed-voltage technique [8] .
The system has been shown to cold-start and quickly generate a signal on the PULSE line to initiate the first measurement of the open-circuit voltage. The system interfaces with the switching converter. While the design of the actual switching converter is not the main focus of this paper, the system's operation in combination with this switching converter has been validated. The tracking of the MPP has been shown to be consistent and can be trimmed using a variable potentiometer. With only one low on-resistance MOSFET in the line between the PV cell and the switching converter, it can be summarized that there is a negligible impact on the overall efficiency of the system as a result of the new sample-and-hold and cold-start arrangement that has been presented.
V. CONCLUSION
This paper has presented a novel technique for realising an ultra low-power MPPT system that can be used both indoors and outdoors, and does not require additional light sensors or pilot cells. Systems had until now been designed either to operate indoors (in which case, MPPT is not attempted), or operate efficiently outdoors (in which case the tracking circuitry itself consumed all of the power generated indoors). The proposed technique has been evaluated by way of a prototype. With a quiescent current draw of 8μA, the new sample-and-hold arrangement now permits MPPT to take place in applications where it was previously impractical. This is of particular interest for mobile and body-worn devices.
